Defining mechanisms by which Plasmodium virulence is regulated is central to understanding the pathogenesis of human malaria. Serial blood passage of Plasmodium through rodents [1] [2] [3] , primates 4 or humans 5 increases parasite virulence, suggesting that vector transmission regulates Plasmodium virulence within the mammalian host. In agreement, disease severity can be modified by vector transmission [6] [7] [8] , which is assumed to 'reset' Plasmodium to its original character 3 . However, direct evidence that vector transmission regulates Plasmodium virulence is lacking. Here we use mosquito transmission of serially blood passaged (SBP) Plasmodium chabaudi chabaudi 9 to interrogate regulation of parasite virulence. Analysis of SBP P. c. chabaudi before and after mosquito transmission demonstrates that vector transmission intrinsically modifies the asexual blood-stage parasite, which in turn modifies the elicited mammalian immune response, which in turn attenuates parasite growth and associated pathology. Attenuated parasite virulence associates with modified expression of the pir multi-gene family. Vector transmission of Plasmodium therefore regulates gene expression of probable variant antigens in the erythrocytic cycle, modifies the elicited mammalian immune response, and thus regulates parasite virulence. These results place the mosquito at the centre of our efforts to dissect mechanisms of protective immunity to malaria for the development of an effective vaccine.
The definitive host for mammalian Plasmodium is the anopheline mosquito. Within this vector, a complex series of developmental events, including fertilization and meiosis, culminates in invasion of the salivary glands by infective sporozoites, which are transmitted to the mammalian host through mosquito bite. Sporozoites deposited in the dermis migrate to the liver, invade hepatocytes and undergo further developmental processes before the release of merozoites that invade erythrocytes. The subsequent erythrocytic cycle is entirely responsible for the morbidity and mortality associated with malaria. The complexity of the Plasmodium life cycle has led to much of the basic biology of the blood-stage infection being studied in isolation, with in vivo experiments largely initiated through direct injection of infected erythrocytes. However, serial blood passage of Plasmodium increases parasite virulence [1] [2] [3] [4] [5] , suggesting that regulation of Plasmodium virulence is an inherent consequence of vector transmission 3 . This could result indirectly from vector control of inoculum size or the passage of large parasite populations through extreme bottlenecks, although these consequences of mosquito transmission are not thought to be major determinants of disease severity 8, 10 . Alternatively, vector transmission may regulate Plasmodium virulence by intrinsically modifying the parasite and its interaction with the mammalian host. In this context, the immune response elicited by Plasmodium influences disease severity 11 , and can therefore dictate parasite virulence. The interrelationship between the vector, parasite and mammalian immune system could thus underpin the pathogenesis of malaria.
To study regulation of Plasmodium virulence we developed routine mosquito transmission of SBP P. c. chabaudi 9 , a rodent malaria parasite that has many characteristics associated with the pathogenesis of human infection 12 . This allowed us to directly compare SBP parasites before and after vector transmission. Accordingly, mice were infected with SBP P. c. chabaudi AS either by injection of parasitized erythrocytes (pE) or mosquito bite (see Methods). Following mosquito transmission, asexual blood-stage parasite growth was attenuated ( Fig. 1a ), and a low-grade, recrudescing infection with extended chronicity was established ( Supplementary Fig. 1 ). Attenuated parasite growth in the erythrocytic cycle was not influenced by dose (ref. 9 and Supplementary  Fig. 2 ) or, importantly, by the pre-erythrocytic stages of infection, as attenuated parasite growth was similarly observed when mice were injected with pE derived from recently mosquito-transmitted (MT) parasite lines ( Fig. 1b) . Similar results were observed with cloned parasites derived from SBP P. c. chabaudi AS ( Supplementary Fig. 3 ), and with the hypervirulent P. c. chabaudi CB ( Supplementary Fig. 4 ). Mosquito transmission therefore attenuated the asexual blood-stage parasite. As expected, serial blood passage of MT P. c. chabaudi AS rapidly increased parasite growth ( Supplementary Fig. 5 ). Mice infected with P. c. chabaudi AS through mosquito bite did not show the severe hypothermia, cachexia or hepatic cellular damage that was observed during the acute phase of infection in mice injected with SBP parasites, although they still showed severe anaemia despite attenuated parasite growth ( Fig. 1c-f ). Mosquito transmission therefore reduced disease severity in the mammalian host. Despite attenuated parasite growth and reduced pathogenicity, MT P. c. chabaudi AS elicited robust, long-term protection to reinfection with homologous or heterologous blood-stage parasites ( Fig. 1g and Supplementary Fig. 6 ). Thus, vector transmission regulates the virulence of Plasmodium by intrinsically modifying the asexual blood-stage parasite, without influencing the capacity of the mammalian host to acquire robust immunity to reinfection.
The pathogenesis of malaria is complex and influenced by the mammalian immune system; dysregulated immune reactions can directly promote severe disease 11 , whereas an appropriate response can enhance parasite clearance without promoting pathology 13 . The immune response induced by Plasmodium can therefore define its virulence. Throughout the erythrocytic cycle the spleen is the major anatomical site associated with the developing immune response 14 , and mice infected with P. c. chabaudi AS through mosquito bite developed marked splenomegaly with rapid recruitment of inflammatory monocytes ( Supplementary Figs 7 and 8 ). Importantly, following mosquito transmission there was enhanced expansion of activated CD8a 1 and CD8a 2 dendritic cells, which present malaria-specific antigens and stimulate CD4 1 T-cell proliferation 15 , in the acute phase of infection ( Fig. 2a and Supplementary Fig. 9 ). Correspondingly, the magnitude of the effector CD4 1 T-cell response, which orchestrates innate and adaptive immune control of blood-stage parasite growth 13 , was also enhanced following mosquito transmission, and the memory CD4 1 T-cell population showed a predominantly effector memory phenotype ( Fig. 2b and Supplementary Fig. 10 ). Infection with MT P. c. chabaudi AS also increased the magnitude of the class-switched malaria-specific antibody response, a central component of erythrocytic immunity 11 (Fig. 2c, d ). Mosquito transmission therefore enhanced antibody production in the chronic phase of infection, subsequent to enhanced innate and adaptive cellular responses early in infection. Conversely, mosquito transmission attenuated systemic inflammation during the acute phase response, with decreased circulating levels of pro-inflammatory cytokines and chemokines associated with severe disease 11, 16 ( Fig. 2e ). Thus, vector transmission intrinsically modifies the asexual blood-stage parasite and transforms the mammalian immune response elicited during the erythrocytic cycle.
Parasite growth and pathogenicity are, in part, determined by host susceptibility. Infection of susceptible mouse strains with P. c. chabaudi AS through mosquito bite causes severe disease and death 9 , demonstrating that vector transmission does not limit the potential virulence of the asexual blood-stage parasite. We therefore addressed whether attenuated parasite virulence in C57BL/6 mice infected with MT P. c. chabaudi AS was a consequence of the transformed host immune response. Immunodeficient mice were injected with SBP P. c. chabaudi AS, or with an equivalent number of pE derived from a recently MT line. Disruption of the innate and adaptive immune responses, through depletion of CD4 1 T cells, or depletion of the entire adaptive arm of the immune system led to a virulent and fatal acute phase infection ( Fig. 3 ). Attenuation of parasite virulence by mosquito transmission was therefore dependent upon an intact mammalian immune response and, furthermore, independent of parasite growth rate ( Supplementary Fig. 11 ). Immune control of parasite virulence therefore resulted directly and exclusively from modified innate and 
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adaptive immune responses elicited by, and directed against, the bloodstage parasite. Vector transmission of Plasmodium thus intrinsically modifies the asexual blood-stage parasite, which in turn modifies the elicited mammalian immune response, which in turn regulates parasite virulence.
Defining parasite gene expression in the erythrocytic cycle after vector transmission is thus central to understanding the pathogenesis of malaria. We therefore performed genome-wide RNA sequencing on P. c. chabaudi AS, directly comparing blood-stage parasites before and after mosquito transmission. This allowed us to identify a set of Plasmodium virulence genes that direct the elicited mammalian immune response (Fig. 4) . Vector transmission modified expression of approximately 10% of the entire genome in the late trophozoite stage parasite (Supplementary Tables). The majority of genes upregulated following mosquito transmission encoded exported proteins, with the potential to access and modulate the mammalian immune system. Importantly, parasite gene expression was most intensely regulated within the sub-telomeric large multi-gene families, with preferential regulation of the pir multi-gene family (termed cir in P. c. chabaudi) ( Supplementary Fig. 12 ). Out of 200 cir genes, 123 (61.5%) were differentially expressed following mosquito transmission, with 114 cir genes (57%) upregulated. Furthermore, the most upregulated gene following serial blood passage was identified as the most highly expressed cir gene (PCHAS_110030) in mice infected with SBP P. c. chabaudi AS (ref. 17, Fig. 4 and Supplementary Fig. 12 ). Serial blood passage therefore selected for dominant cir gene expression, whereas mosquito transmission revoked the selected expression hierarchy and promoted a generalized increase in cir expression across the parasite population. We therefore uncover a direct association between pir gene expression and Plasmodium virulence, and demonstrate that vector transmission regulates expression of probable antigenic variants 18 , as proposed previously 19, 20 . Vector transmission of Plasmodium thus regulates parasite gene expression in the erythrocytic cycle and, consequently, regulates immune control of Plasmodium virulence.
Vector transmission will inherently regulate Plasmodium virulence within the mammalian host. Recombination of distinct parasite genotypes within the mosquito is likely to be fundamental for the evolution of virulence 21 . The results of this study reveal that vector transmission also regulates Plasmodium virulence by modifying parasite gene expression, and therefore the mammalian immune response, in the erythrocytic cycle. This is probably the outcome of a combination of distinct regulatory processes acting at multiple stages of the parasite life cycle, in both the mosquito vector and the mammalian host. It is therefore important to delineate the timing and mechanism(s) of regulation of parasite gene expression, in the context of the complete Plasmodium life cycle, to understand the molecular regulation of parasite 
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virulence. Attenuation of parasite virulence following mosquito transmission associates with modified expression of the pir multi-gene family, which is conserved from rodent to human Plasmodium 17 . Importantly, vector transmission of cultured Plasmodium falciparum similarly modifies the composition and frequency of var gene expression 22 . Regulation of antigenic variants by vector transmission is therefore universal 19, 20, 22 , and vector transmission will therefore universally regulate immune control of Plasmodium virulence. The interrelationship between the vector, parasite and mammalian immune system thus underpins the pathogenesis of malaria.
METHODS SUMMARY
P. c. chabaudi AS and CB were mosquito transmitted (MT) and cloned at the University of Edinburgh, UK, and sent to NIMR in 1978 and 1982, respectively. Parasites were serially blood passaged (SBP) through mice 26-32 times before use in this study. To initiate infections with SBP parasites, mice were injected intraperitoneally (i.p.) or intravenously (i.v.) with 10 4 -10 5 pE derived from cryopreserved stocks. Alternatively, SBP parasites were transmitted through Anopheles stephensi and mice were infected by mosquito bite, with an estimated 9.15 infective bites per mouse 9 . We therefore directly compared SBP parasites before and after mosquito transmission. The first 52 h of infection initiated by mosquito bite was required to complete the pre-erythrocytic stages 12 ; the erythrocytic cycle thus started on day 2 post-infection. To bypass the pre-erythrocytic stages, and control the dose initiating the blood-stage infection, mice were injected i.p. or i.v. with 10 4 -10 5 pE derived from recently MT parasite lines that were just one blood passage from mosquito transmission (unless otherwise stated). The course of infection was monitored on thin blood smears by enumerating the percentage of erythrocytes infected with asexual parasites (parasitaemia). The limit of detection for patent parasitaemia was 0.01% infected erythrocytes. To determine chronicity of infection, 100 ml blood was sub-inoculated into RAG KO mice; absence of parasitaemia in recipient mice after 14 days indicated clearance of infection in donor mice. Rechallenge studies were initiated $ 90 days after the first infection, when $ 95% C57BL/6 mice had naturally cleared blood-stage parasites.
Full Methods and any associated references are available in the online version of the paper.
